Rhizobium leguminosarum showed positive chemotaxis towards root exudates of its host the edible pea (Pisum sativum L.). Only the fraction of the exudate containing substances with molecular weights less than 1000 showed significant chemotactic activity. Cationic, neutral and anionic fractions were all attractive, the cationic being the most potent and the anionic the least. A range of amino acids, sugars and carboxylic acids were present in the exudate, and many were shown to be attractants. Other Rhizobium species and Escherichia coli were also attracted by pea exudate, and R. leguminosarum and the other bacteria were attracted by exudates from roots of a range of plants including non-legumes. It was concluded that although positive chemotaxis probably facilitates infection of legumes by R hizobium, it has little or no role in host-symbiont specificity.
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On: Fri, 21 Dec 2018 16:50:12 1180 3 g; CaC12.2H,0, 0.89 g; Oxoid no. 3 agar. 15 g; distilled water to 1 litre. They were stored either at -20 "C under 20% glycerol or at 5 "C. Escherichia coli was maintained on slopes of Oxoid Nutrient Agar and stored at 5 "C.
Preparation of bacterial suspensions for chemotaxis experiments. Static liquid culture was used for R hizobium as this, unlike shaken culture, can favour motile and chemotactic cells (Smith & Doetsch, 1969; Pilgram & Williams, 1976) . The medium (minimal) had the following composition: sodium succinate, 6.9 g; sodium glutamate, 1 . 1 g; K2HP0,, 0.1 1 g; CaCl,. 2H,O, 0.11 g; MgSO,. 7H,O, 0.1 g; FeCl,, 6H20, 3 . 3 mg; Na,EDTA, 0.372 mg; thiamin hydrochloride, 0.75 mg; biotin, 0.75 mg; calcium pantothenate, 0.75 mg; distilled water to 1 litre. Volumes of 100 ml in 500 ml Erlenmeyer flasks were inoculated ( 1 ml volumes) from an exponentially growing culture and the cultures grown at 24 "C for 36-48 h to an value of 0.5-0.8. Volumes of 20 ml were centrifuged at 8000 g at 10 OC for 10 min, and the pellet was suspended in chemotaxis buffer (pH 7 potassium phosphate buffer, 10 mM; EGTA, 1 mM; CaCl,, 0.863 mM) to a density of 5 x lo8 cells ml-I. Loss of motility or chemotaxis was not encountered with E . coli so shaken liquid culture (radius of gyration, 4.5 cm; 200 rev. min-I) was used. After overnight growth at 37 "C cultures were centrifuged, the pellet was suspended in chemotaxis buffer (pH 7 potassium phosphate buffer, 10 mM; Na2EDTA, 0.1 mM), recentrifuged and resuspended in fresh
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buffer.
Blindwell chamber chemotaxis assay. Chemotaxis was assessed by the blindwell chamber method of Armitage et al. (1977) , in which migration of bacteria occurs through membranes into test or control solutions. Chemotaxis chambers and Unipore polycarbonate membranes (5 pm pore size, 13 mm diam.) were obtained from Bio-Rad Laboratories. A bacterial suspension (0.15 ml) was placed in the lower chamber and 0.3 ml of chemotaxis buffer or of test material dissolved in chemotaxis buffer in the upper chamber. The tops of chambers were sealed with Parafilm (Gallenkamp) and the chambers inverted and incubated at 24 OC. The numbers of bacteria that had passed through the membrane were assessed at 60 min (E. coli) or 90min (Rhizobium) with either a haemocytometer or a Coulter Counter (Coulter Electronics, Dunstable, Beds.), 0.5 ml samples being diluted in 10 ml Isoton 11. Numbers were confirmed by a viable count following tenfold dilution: 0.1 ml samples were spread on tryptone/yeast extract agar and incubated at 24 OC (Rhizobium) or 37°C (E. coli). A chemotaxis ratio was obtained by dividing the number passing into the test solution by the number passing into the control solution. Each result was based on the averages for three test and three control chambers. A further control was the inclusion in each experiment of one chamber containing a known attractant, so as to establish that the bacterial suspension being used was of normal motility and chemotactic sensitivity.
SigniJcance of chemotaxis ratios. The numbers of R. leguminosarum cells passing through the membrane in the control chambers in 81 experiments were analysed. The mean value was 3 . 3 x lo6, indicating that 4.4% of the bacteria passed through the membrane, and other values were normally distributed about this mean. Taking the mean value as unity, the standard deviation is 0.22; there is hence only a 1 % probability of a deviation of 0-66, so chemotaxis ratios greater than 1.66 were regarded as significant. Insufficient experiments were carried out on other Rhizobium species or on E. coli for a comparable statistical analysis of control experiments; the variability in the numbers of bacteria passing through the membrane with control chambers was similar, so here too a chemotaxis ratio of 1 a66 was regarded as indicating a positive response.
Chemotactic migration through agar. Adler (1966) showed that E. coli migrates through media containing a chemotactic agent as a ring of increasing radius. Such a ring was observed with Rhizobium on minimal medium and 0.25% agar, but not on a modified medium lacking succinate and glutamate. Hence ring formation on the modified minimal medium to which a single substance has been added is evidence that the substance is chemotactic, and was used to confirm results obtained with single compounds in the blindwell chamber assay. Inoculation was with cells from agar media.
Preparation of peat root exudates. Aseptic methods were used for the preparation of root exudates. Seeds of the edible pea (Wisconsin Perfection) were wetted for 5 min with 7 5 % (v/v) ethanol, washed in distilled water and surface sterilized for 30 min in 10 % (w/v) sodium hypochlorite solution. After six washes in sterile distilled water seeds were incubated for 2 d in darkness at 24 O C on tryptone/yeast extract agar to establish the absence of microbial contamination. Germination progressed only slightly during this period, with the radicle sometimes breaking through the testa. Seeds were then transferred to distilled water (5 mm deep) in Erlenmeyer flasks and incubated at 24 "C in dim light. At 3 d, when the radicle was about 10 mm long, the culture liquid was centrifuged (20 min, 8000 g, 5 "C) to remove sloughed-off cells, decanted and freeze dried to provide Ck3 day root exudate, which was stored and redissolved as required. Exudates from older plants were obtained by transferring 3 d seedlings singly to moist cotton wool over distilled water in 25 ml 'Universal' bottles with their caps loosely screwed on. At 6 d the radicals were about 30 mm long and carried root hairs. The seedlings were then placed on muslin held taut between the lid and base of antibiotic test dishes, with holes in the muslin to permit the roots to reach a layer of water below. At 10 d the roots had branched and plumules emerged with opening of the first leaf pair. Exudates (3-6 and 6-10 d) were obtained as for 0-3 d exudate.
Preparation of cationic, neutral and anionic components of the low molecular weight fraction of pea root exudate. The low molecular weight fraction was passed down a column of Dowex 50 ( H t form) resin arid the Chemotaxis of R hizobium to root exudates 1181 efRuent passed down Dowex 1 resin (acetate form) to give a neutral fraction. The cationic fraction was eluted from the Dowex 50 resin with 1 M-NH,OH and the anionic fraction from the Dowex 1 resin with glacial acetic acid. High-voltage (3000 V) paper (Whatman no. 1) electrophoresis in pH 5 buffer (pyridine/acetic acid/water, 800: 24 :4, by vol.) was carried out for 1 h on the cationic fraction. The position of the amino acids was ascertained by spraying a reference strip with ninhydrin reagent (8.5 g ninhydrin in 85 ml acetone; 15 ml 1 %, w/v, cadmium acetate solution) and the remaining untreated amino acids were eluted together and freeze dried. Paper (Whatman 3MM) chromatography with n-propanollethyl acetate/water, 70 : 10 : 20, by vol.) for 40 h was carried out on the neutral fraction. A reference strip was stained with aniline hydrogen phthalate (1.7 g phthalic acid; 1 ml aniline; 90 ml ethanol; 5 ml glacial acetic acid; 5 m l 4 0 % trichloroacetic acid) and untreated sugars and amino sugars were eluted together and freeze dried.
Paper (Whatman no. 1) chromatography with n-pentanol/5 M-formic acid (1 : 1, v/v) for 15 h was carried out on the anionic fraction. A reference strip was sprayed with an ethanolic solution of bromocresol blue to locate the organic acids, which were eluted together and freeze dried. Chemotaxis tests were carrried out on freeze-dried cationic, neutral and anionic fractions redissolved and made up to the original volume (that which with crude exudate would have contained 150 pg protein ml-I) in chemotaxis buffer.
R E S U L T S
Attraction of R . legurninosarum to pea root exudate
Exudate produced during the period 0-3 d by germinating pea seedlings was diluted with sterile chemotaxis buffer to a protein content of 150 pg ml-' as measured by the Folin-Lowry method (Herbert et al., 1971) . Testing with R. leguminosarurn by the blindwell chamber method showed significant attraction (chemotaxis ratio 3 -6). A freeze-dried preparation redissolved and diluted to the same protein content gave a chemotaxis ratio of 3-8. Hence 3 d pea exudate attracts R. leguminosarum and remains attractive after freeze drying. All subsequent work on pea root exudates was carried out on freeze-dried material dissolved in chemotaxis buffer to give, unless otherwise indicated, a protein content of 150 jig ml-I.
Tests (five replicates) were carried out on exudates produced by pea seedlings during the periods 0-3, 3-6 and 6-10 d. The chemotaxis ratios obtained (3-2, 3 -0 and 3.4, respectively) did not differ significantly. Subsequent chemotaxis tests were confined to 0-3 d material.
Portions of exudate from the same 3 d batch as was used to establish the effectiveness of freeze-drying were boiled for 10 min or autoclaved (1 atm, 15 min). Chemotaxis ratios of 3.4 and 3.0, respectively, as compared with 3.8, were obtained. Since such treatments, which would denature proteins, did not eliminate attractiveness, it is unlikely that a major part of the attraction is due to specific proteins. A 5 ml portion of root exudate was incubated overnight at 40 OC in 0.1 M potassium phosphate buffer at pH 7 with 1 ml of proteolytic enzyme from Streptomyces griseus (1 mg Pronase; Sigma). The product on testing gave a chemotaxis ratio of 4.6, indicating that the treatment did not impair and may have enhanced attraction by breaking down proteins to amino acids. The pronase preparation itself may have been slightly attractive (chemotaxis ratio, 1 -8).
Preliminary experiments with gel filtration (Sephadex G 10 gel; Pharmacia) indicated that only the fraction containing substances with molecular weights of less than 700 had chemotactic activity. The gel filtration was, however, carried out with unbuffered exudate in order to avoid the problems of removing the excessive salt concentrations that would be obtained when eluates were concentrated. It is hence possible that denaturation of high molecular weight compounds occurred, so further study of the relationship between molecular size and chemotactic activity was carried out by ultrafiltration. Pea root exudate was dissolved in chemotaxis buffer to give a protein concentration of 150 jig ml-' and passed under pressure through an ultrafiltration cell (Amicon Corporation, Woking) using, in succession, membranes to obtain fractions with components of various molecular weight ranges, which were restored to the original volume with chemotaxis buffer and tested. The following chemotaxis ratios were obtained: mol. wt 0-1000, 2.7; mol. wt 1000-10000, 1.7; mol. wt 10000-30000, 1.6 mol. wt >30000, 1 a 6 . Hence attractiveness at a significance greater than 1% was observed only for the low molecular weight fraction. A fraction of low * Asparagine is hydrolysed to aspartic acid in the analyser, but both compounds were detected by thin-layer chromatography (t.1.c.).
In the automatic analyser discrimination between homoserine and glutamic acid is difficult, and glutamine is hydrolysed to glutamic acid. The presence of all three compounds was established by t.1.c. molecular weight (< 1000) obtained by ultrafiltration was separated into cationic, anionic and neutral fractions by ion-exchange chromatography. Chemotaxis ratios were obtained for the unfractionated material, the separate and the recombined fractions by both blindwell chamber and capillary tests ( Table 1 ). All fractions showed significant chemotactic activity, the highest ratios being obtained with the cationic and the lowest with the anionic fraction. The recombined fractions gave chemotaxis ratios similar to unfractionated material.
Analysis of the low molecular weight fraction of pea root exudate Analysis of the cationic component of the low molecular weight fraction of pea root exudate demonstrated the presence of 18 amino acids (Table 2) . Chromatography indicated that amino acids accounted for almost all the cationic fraction, oligopeptides being present in only trace amounts. The identity of seven sugars found in the neutral fraction (Table 3) was confirmed by two-dimensional thin-layer chromatography (Rai & Strobel, 1966) with silver nitrate staining. A similar chromatogram was treated with ninhydrin reagent to detect any amino sugars; none were found. The 6-10d exudate contained a component which was Table 3 . Sugar content of exudate produced per pea plant
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The neutral fraction from the exudate of a known number of pea seedlings was dissolved in distilled water and fractionated by two-dimensional paper chromatography. The chromatographic procedure was as described in Methods except for the use of a second solvent system, n-butanol/acetic acid/water (100: 22 : 50, by vol.). Sugars, stained and identified on a reference chromatogram by R , values, were eluted. Reducing sugars were estimated by the Somogyi-Nelson method (Somogyi, 1952) Organic acids were identified by two dimensional t.1.c. (Rai & Strobel, 1966) and by paper chromatography as described in Methods. Quantities were determined by eluting acids from paper and titrating against 0.0 144 M-NaOH with phenolphthalein as indicator. deduced to be an oligosaccharide from the R, value and to be a glucan by hydrolysis, but was not further characterized. Six organic acids were identified in the anionic fraction ( Table 4) . The amounts of amino acids, sugars and organic acids liberated per plant increased between 3 and 10 d, but diminished as a proportion of the total materials exuded (Table 5) .
Organic acid content (pg)
Chemotaxis of R. leguminosarum to root exudate components and related substances
The chemotactic response of R. leguminosarurn to the low molecular weight compounds detected in pea root exudate and to related substances was examined (Table 6 ). Three amino acids gave significant positive responses when the source concentration in the blindwell chamber was
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M, and all twenty tested were effective at lop5 M. Optimal responses were seen at lop3 or 1 0 p 4~. Positive chemotaxis was observed with eight sugars and with mannitol, optimal concentrations again being M. Three sugars, including one detected in root exudate, sucrose, failed to elicit a response. Positive chemotactic responses to four organic acids were observed. or
Chemotaxis of micro-organisms other than R. leguminosarum to pea root exudate
A wide range of micro-organisms show positive chemotaxis to amino acids and sugars, so it seemed probable that bacteria other than R. leguminosarum would respond to pea root Chemotaxis of R hizobium to root exudates 1185 Exudates from broad bean and maize were obtained by surface sterilizing seeds as for the edible pea, and growing individually on moistened cotton wool in 25 ml 'Universal' bottles, and from clover and mustard by surface sterilizing seeds with 0. I % (w/v) HgCI, solution and growing in small numbers on moistened cotton wool in 5 ml 'Bijou' bottles. Blindwell chamber tests were carried out on exudate diluted to protein contents of 300, 150, 75, 50 and 5 pg ml -l .
Minimum exudate concn giving significant (1 % level) chemotaxis*
I
Micro-organism Clover Broad bean Mustard Maize * Dilution indicated by protein content (pg ml-l).
exudate. Tests were therefore carried out in which the responses to pea exudate by Escherichia coli and two Rhizobium species which do not infect the edible pea were compared with the response of R. leguminosarum ( Table 7) . The chemotactic threshold for R. leguminosarum was slighty lower than for R. phaseoli and R . trfolii but E. coli had a still lower threshold.
Chemotaxis of R. leguminosarum and other bacteria to root exudates other than pea
The ability of R. leguminosarum and other bacteria to show chemotaxis to amino acids and sugars suggests that exudates from plants other than the pea should also prove attractive. Root exudates were obtained from two other legumes, clover ( Trvolium repens, Aberystwyth strain S 100) and broad bean (Vicia faba variety Meteor), from another dicotyledonous species, mustard (Sinapis alba; Suttons Seeds Ltd) and a monocotyledonous plant, maize (Zea mays 'First of All' F1 hybrid; Suttons Seeds Ltd). Chemotactic tests were carried out with R. leguminosarum, R. trifolii (which infects clover), R. phaseoli and E. coli (Table 8 ). All exudates proved attractive to all the bacteria when tested at a dilution corresponding to a protein content of 75 pg ml-A and most at one corresponding to 50 pg m1-I; with E. coli significant attraction to mustard root exudate was observed at a tenfold greater dilution.
D I S C U S S I O N
Composition of pea root exudate. The considerable literature that exists on the analysis of plant root exudates indicates that the results obtained are dependent on the growth conditions employed. The study of legume root exudate most comparable with our own is that of Gitte 1186 al. (1978) on the chickpea Cicer arietinum. They found that a seedling produced 106 pg exudate as compared with the 121 pg we found for 6-10 d pea plants. Cationic, neutral and anionic fractions accounted for 63, 19 and 10 pg respectively compared with our figures for the pea of 37, 30 and 17 pg. Chang-Ho & Hickman (1970) , analysing exudate from 21 d pea plants, found 90 pg amino acids per plant. Their result for sugars is about 100 times in excess of plausible values, presumably due to a transcriptional error, but their data on organic acids, expressed in terms of normality, are comparable to our own. Studies on the amino acids of pea exudate show that the absolute and relative amounts are dependent on the conditions under which the plants are grown; for example, the composition of the soil atmosphere (Ayres & Thornton, 1968) and whether liquid or sand culture is used (Boulter et al., 1966) are important. Presumably sugar and organic acid production is similarly influenced, but this has been less studied. Our work shows an increase, with time, in the proportion of high molecular weight materials, which in natural soils may be partially degraded by micro-organisms to add to the low molecular weight components. Fries (1973) states that pea roots give 'with gas chromatography a rich spectrum indicating the presence of numerous volatile compounds'. Future studies on plant root exudates in relation to chemotaxis should simulate natural conditions at and preceding the time of infection as closely as possible, perhaps utilizing both natural soil and soil sterilized with y-radiation (Bowen & Rovira, 1976) , and should examine all components including the volatile fraction.
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Chemotaxis of Rhizobium to single compounds. Gotz et al. (1982) found with R. meliloti attraction by 21 amino acids, with thresholds and optima at concentrations similar to those demonstrated by us, and Gitte et al. (1978) found attraction of a cowpea Rhizobium by 9 out of 10 of the amino acids that they tested. On the other hand Currier & Strobe1 (19773) reported that one trefoil strain of Rhizobium was repelled by serine and aspartate, and two were attracted by aspartate, but that most were indifferent to both compounds. Hunter & Fahring (1 980) observed chemotactic migration of R . japonicum in response to canavanine but not with 15 other amino acids tested. However, since their soft agar medium apparently contained yeast extract, observation of responses to individual amino acids would have been unlikely.
Bowra & Dilworth (1981) found, as we did, that R . leguminosarum is attracted by arabinose, fructose, glucose, lactose, mannitol, ribose, and xylose but not by trehalose and sucrose. Gitte et al. (1978) found with cowpea Rhizobium that arabinose, glucose, ribose and xylose were attractants. Gotz et al. (1982) with R . meliloti observed attraction to glucose and mannitol but not to several other carbohydrates tested. Currier & Strobe1 (1977b) reported that strains of trefoil Rhizobium varied in their response to sugars, attraction, repulsion or indifference being observed. Currier ( 1980) with one trefoil strain reported maltose, mannose and ribose to be strong attractants, fructose, galactose and sucrose to be weak attractants, and five other sugars including glucose to be ineffective. Hunter & Fahring (1 980) found arabinose to be an attractant but no effect with other sugars, but as indicated above, it appears that a background of yeast extract was present, which would tend to conceal responses to single sugars.
Our results, and those of Gitte et al. (1978) , and Gotz et al. (1982) indicate that at least some Rhizobium species show attraction to a wide range of amino acids, sugars and organic acids. Claims that some Rhizobium strains respond to only a few amino acids and sugars should be treated with caution. Unlike E. coli, which in chemotactic tests gives very uniform responses, Rhizobium strains are often inconsistent with respect to motility and chemotactic sensitivity. For this reason we included in all experiments a control test against a well-authenticated attractant, and only recorded chemotactic indifference to a compound when bacterial preparations of proven chemotactic sensitivity were employed. C hemotaxis indifference or repulsion require as rigorous confirmation as does attraction.
Cameron & Carlile (198 1) found attraction of zoospores of Phytophthora palmivora, a fungus which can infect plant roots, by a range of volatile compounds, many of which are Chemotaxis of Rhizobium to root exudates 1187 known to be produced by plants. The possibility that volatile compounds produced by pea roots are chemotactically active needs investigation.
The role of chemotaxis in infection. The ability of Rhizobium species to respond to a wide range of low molecular components of root exudate may have important advantages. With a single compound, attraction up a concentration gradient will occur from a threshold concentration to a point at which indifference occurs. The ability to respond to gradients of many exudate components may provide continuous attraction from the greatest distance from the root at which an attractant is detected all the way to the root surface. It is hence probable that the ability to respond to a wide range of readily diffusing low molecular weight compounds facilitates entry into the rhizosphere and approach to the root surface, and that restriction of sensitivity to only a few compounds is unlikely. Currier & Strobel (1976 , 1977a reported the occurrence of a high molecular weight attractant. Such a compound, diffusing only a short distance from the root surface, might have a useful role during the final stages of the approach by Rhizobium to the root surface. We found, however, no significant attraction by the high molecular weight fraction of pea root exudate.
It is reasonable to conclude that chemotaxis to root exudates facilitates infection of legumes by rhizobia. Non-motile (Napoli & Albersheim, 1980) and non-chemotactic (Ames et al., 1980) mutants of Rhizobium can nodulate legumes, but a slow-migrating mutant was found to nodulate less efficiently than the wild-type (Hunter & Fahring, 1980) . We have shown in competition experiments that non-chemotactic mutants nodulate less effectively than the wild-type, and non-motile mutants still less effectively (unpublished results). It appears therefore that motility, guided by chemotaxis, facilitates infection and that motility and taxis mutants will be less successful in nature than the wild-type. It seems unlikely, however, that chemotaxis is a major factor in host-symbiont specificity. It is probable that chemotactic sensitivities will evolve to give a highly effective response to host exudates, but clearly a variety of bacteria respond chemotactically to a range of root exudates, a conclusion almost inevitable from the widespread occurrence of common metabolites in root exudates.
